We propose different scenarios where a keV dark matter annihilates to produce a monochromatic signal. The process is generated through the exchange of a light scalar of mass of order 300 keV -50 MeV coupling to photon through loops or higher dimensional operators. For natural values of the couplings and scales, the model can generate a gamma-ray line which can fit with the recently identified 3.5 keV X-ray line.
While more conventional explanations in term of atomic physics effects are currently lacking, several works have been released in the following weeks, all focussing on a decaying dark matter candidate. Extensions with a sterile neutrino as dark matter candidate [15] , axions or ALPs [16] , axinos [17] , pseudo-Nambu-Goldstone bosons [18] or supersymmetric models (gravitino [19] , sgoldstino [20] or low scale supersymmetry breaking [21] ) were proposed, all relying on processes ensuring a fine tuned lifetime τ 10 28 seconds to fit the observed line. Other more exotic candidates like decaying moduli [22] , millicharged dark matter [23] , dark atoms 1 [24] , magnetic dark matter [26] , majoron decay [27] or multicomponent [28] have been proposed. Another original model was studied in [29, 30] with an eXciting dark matter, where the photons come from the transition from an excited state down to the ground state for the dark matter particle, which in this case can be significantly heavier than 3.5 keV. Moreover, it is well known that for a warm dark matter candidate of mass ∼keV, free streaming produces a cutoff in the linear fluctuation power spectrum at a scale corresponding to dwarf galaxies and can fit observations for m s 1.5 keV [31] .
All of these scenarios seem to exclude (maybe too early) an annihilating dark matter scenario [32] . Indeed, the cross section needed to fit the excess measured in [12, 13] is σv 10 −33 cm 3 s −1 which corresponds to an effective scale Λ of Λ 10 GeV for a 3.5 keV dark matter, in the classical effective operators approach. This scale is too low to be due to heavy particles charged under the electromagnetic field.
In this work however, we show that such cross section arises naturally when we go beyond the naive effective operators approach and consider microscopic constructions with the presence of a light hidden mediator coupling to the standard model through effective operators. Such approach had been explored in the case of a vector boson or a heavy fermionic mediator [36] but did not consider the possibility of a scalar one. Furthermore these studies had worked out a lower bound on the dark matter mass of order O (MeV) in order to fit both ray fluxes and relic density measurements [37] . We will show that this bound can actually be overcome if one considers the dark sector to be living in a thermal bath of temperature differing from the one of the visible sector.
The paper is organized as follows. After a summary of the effective operators approach in the next section, we describe our model in Section III and extract the parameter space allowed to fit the observed X-ray line. We then compute the relic abundance predicted in this restricted parameter space by adding an additional coupling of the mediator to a light sterile right-handed neutrino in Section IV. We show that the model can fit WMAP/PLANCK data taking into account that the bath of the hidden sector is at a different temperature compared to the standard model one. We then conclude in section V with an explicit example of an UV model, before giving the relevant technical formulae in the appendix in the case of a fermionic dark matter.
II. THE FAILURE OF A NAIVE EFFECTIVE OPERATORS APPROACH A. A priori
Since Fermi's time the classical way to explain a signal or to work out predictions at a scale beyond the standard model one 2 (which is the one that one can reach experimentally at a given time) is to use the effective operators approach. Indeed, it seems natural to imagine that the physics beyond a measurable scale of energy is represented by heavy particles not yet produced in accelerators, but coupling to the observable sector. This is frequently used in LHC studies [38] or dark matter searches [39] . However, it is obvious that this effective operators approach has its limitations. First of all, the coupling to the visible sector generated by loops of heavy states can be highly dependent on the hidden microscopic physics (gauge or Yukawa-like couplings) but, more dramatically, the presence of light states modifies considerably the predictions, as was shown in [40] . Supersymmetric or grand unified models do not escape this rule: light stau or Z for instance generate new processes observable at LHC and not predicted by a naive effective operators approach. This is exactly what is happening in the case of a cosmological monochromatic signal as one discusses below.
If the signal analysed in [12, 13] is generated by dark matter annihilation to two photons ss → γγ (with a dark matter mass of 3.5 keV) then one should fit the annihilation cross section σv γγ with the flux measured in the vicinity of the sun. A naive estimate of the total luminosity of Perseus can be computed using
with R pe is the Perseus radius. As a first approximation, one can consider like in [33] 
The cumulative flux of φ γγ ∼ 4 × 10 −6 cm −2 s −1 from [12] is hard to interpret in the dark matter framework as it arises from a combination of clusters at a variety of distances. However, according to the authors of [13, 29] , one can identify a monochromatic signal arising from M31 or Perseus cluster with a flux φ γγ = 5.2 +3.70 −2.13 × 10 −5 photons cm −2 per seconds at 3.56 keV with the cluster core. One can make a more refined analysis, considering for instance a more complex halo structure like Einasto or NFW profile as in [29] but the result will not change 4 . One could also look at the Centaurus observation like in [33] with M Ce = 6.3 × 10 13 M and a radius of R Ce = 0.17 Mpc.
Finally, taking into account also other observations like M31, we will impose in our analysis a conservative required annihilation cross section estimated as
However, for such a light dark matter particle annihilating into photons, it is important to check the consequences of injecting secondary particles on the recombination, leaving an imprint on Cosmic Microwave Background (CMB) anisotropies. The authors of [34] show that the corresponding condition is given by
which for a 3.5 keV dark matter is σv γγ < 8.5 × 10 −33 cm 3 s −1 . In f ine one will then restrict ourself to the parameter space allowing a monochromatic signal and respecting the CMB constraints:
In the case of a scalar particle annihilating into two photons, the CP-even effective lagrangian can be written
4 We thank M. Yu. Khlopov for having drawn our attention to ref. [35] for a detailed analysis on profiles concerning gamma ray production from so called dark matter clumps 5 To simplify the analysis, we will consider a scalar dark matter candidate with CP-even couplings thorough the paper. The other cases (fermionic dark matter, CP-odd or pseudo-scalar couplings..) change our conclusion by factors of order of unity and are treated in appendix.
with F µν = ∂ µ A ν − ∂ ν A µ being the electromagnetic field strength. The scale Λ is related to the mass of the particles running in the loops (see Fig.(1) ) which , being charged under U (1) em , should be heavier or at least of the order of TeV. A list of generic couplings of this type can be found in [41] . We will write in the appendix the results we obtained in other cases.
It is important to notice that such a light dark matter can contribute to the effective number of neutrinos N ef f . However, it has been shown recently that a dark matter annihilating into photons in sub-MeV masses is possible only in the case of a scalar dark matter [42] . Such processes have already been computed in [43] and one obtains
Applying the constraints (7) to the annihilation cross section (9) one obtains 10 GeV < Λ < 15 GeV .
This value is obviously far below any accelerator limit on charged particles. It seems then impossible to UV complete this operator and achieve a large enough rate. However, as we will see below, the effective operators approach cannot be applied anymore when the UV sector contains light states.
III. A NATURAL MICROSCOPIC APPROACH
It is then natural to build a microscopic model and to see how observables are modified. But natural in which sense? Natural in the sense that the presence of a keVMeV dark matter particle naturally leads to a keV scale dynamics, as the presence of GeV particles in the standard model naturally leads to GeV scale dynamics in the Higgs sector. We then can suppose the presence of a (pseudo)scalar coupling to the dark matter candidate, and generating the keV dynamics. The simplest way to generate such dynamics is through a "higgs-like" portal. We will consider by simplicity a scalar dark matter; other dark matter spin or couplings do not change our conclusions and are treated in the appendix.
A. The scalar model
We will work in the framework of a scalar portal φ, coupling directly at tree-level to dark matter, but indirectly to the standard model through loops. This is a typical secluded dark matter type of model [44] . The lagrangian can then be written for a scalar dark matter
We assume the parameterm to be a free mass scale parameter. However such coupling can be explicitely generated by symmetry breaking in renormalizable models, as illustrated in section V. In the latter case,m is expected to be at most of the same order of magnitude than m φ since it gets its value from the vev of a field Φ = v φ + φ after spontaneous symmetry breaking. Furthermore this is what would be more generally expected ifm is generated by whatever dynamical mechanism involving only φ and the light field S. The mass scale Λ is related to the mass of heavy particles integrated in the loop. In a perturbative set up with N charged fermions running in the loop Λ ∼ 4π N h φ α M ψ , where h φ is the Yukawa coupling of φ to the charged fermions of mass M ψ . Using the constraint M ψ 500 GeV from collider searches and perturbativity one finds that the minimum natural values for Λ are Λ ∼ 50 − 500 TeV, whereas Λ ∼ 5 TeV can only be obtained in a strongly coupled hidden sector.
Such a lagrangian gives for the annihilation cross section (process depicted in Fig.(2) )
B. X-ray line
Depending on the hierarchy between the masses of the mediator φ and the dark matter particle S, the condition (7) leads to two kinds of constraints :
Both cases give at first sight viable results. One can understand easily why it is so in the microscopic approach compared to the effective operators approach of Eq.(9). Indeed, as recently emphasized by the authors of [40] for the LHC analysis of mono jet events, the effective operators approach ceases to be valid once the ultraviolet (microscopic) theory contains some light mediators, which is exactly our case. This comes from two powers less in Λ in the computation of observables: heavier states become now reasonably heavy compared to the result Eq.(10).
We will see however that experimental bounds on light scalar particle interactions with the electromagnetic sector are strongly restrictive.
C. Experimental Bounds
As we just mentioned above, interactions of a light scalar, or axion-like particle (ALP) with the visible sector is very much constrained by collider data (LEP) and astrophysics. Indeed bounds on pseudoscalar particles interacting with photons (see [46] ) have been studied, using LEP data from ALEPH, OPAL, L3 and DELPHI, and shown that the coupling of the pseudoscalar with photons cannot exceed a value of 2.6 × 10 −4 GeV −1 for a mediator of mass m φ 50 MeV, which means, in terms of our mass scale
Furthermore, one of the most restrictive constraints on ALPs comes from the non-observation of anomalous energy loss of horizontal branch (HB) stars via a too important ALP production [47] . Indeed those contraints impose
for a mediator mass up to m φ 30 keV. At higher masses arise constraints coming from the CMB and BBN studies, setting lower limits on the coupling with photons. A nice review on the subject can be found in [48, 49] . Various astrophysical constraints on ALP mass and coupling to photons are summarized in, e.g. [50] .
These constraints on our model essentially put lower bounds on Λ. Indeed, for a light mediator (Case B) HB experiments impose that the mass scale Λ takes very high values ( 10 10 GeV). In this case, as indicated by Eq. (14), one would need the tri-linear coupling to be of orderm 10 −3 GeV. However, in this case, since m φ is assumed to be smaller than the keV scale, one would conclude thatm/m φ 10 3 which is, as mentioned in the previous section, quite unnatural. We will then concentrate our study on Case A, where the mediator φ is assumed to be heavier than the dark matter field S.
In Case A, the discussion is a bit more subtle, as far as the experimental constraints are concerned. For mediator masses lower than a hundred keV, the mass scale Λ must reach very high values ( 10 16 GeV) to escape experimental exclusion bounds. Still such region of the parameter space is not acceptable since it would lead to a very heavy parameterm. Then for higher masses of the mediator (m φ 300 keV) more reasonable values of Λ are allowed, and we are left with lower bounds coming from LEP (mentioned above) and upper bounds on Λ arising from CMB dilution and BBN perturbations. Different choices of Λ will then lead to different pairs of (m φ ,m), as depicted in Fig.(3) FIG . In order to fix ideas, and anticipating results of section V, we indicated in red in the figure the region wherem m φ . This shows clearly, that imposing m φ 300 keV sets an upper limit for Λ, giving approximately Λ 1000 TeV .
Furthermore, the lower limit Λ 5 TeV mentioned in section III A -still acceptable if there is some strongly coupled hidden sector generating the effective mass scale Λ -imposes an upper limit on the mediator mass, m φ 50 MeV 6 . One would thus expect from this model that the mediator mass lies in the region 300 keV m φ 50 MeV .
6 As mentioned in previous sections, assuming that the effective coupling between the mediator φ and the photons comes from some perutrbative heavy physics sets a stronger limit on Λ leading to masses of the mediator m φ 5 MeV.
IV. RELIC ABUNDANCE A. State of the art
Computing the relic abundance in models with a very weak annihilation cross section and a keV dark matter particle is highly non-standard. Indeed, it is well known from the standard lore that a hot dark matter candidate leads to a relic density
where g ef f is the effective number of degrees of freedom of the dark matter candidate and g s the effective number of degrees of freedom for the entropy. Eq. (19) gives m s 5 eV if one wants to respect PLANCK [2] limit Ω DM h 2 = 0.1199 ± 0.0027. However, this condition is valid only under the hypothesis that the dark matter is in thermal equilibrium with a common temperature T with the thermal bath. In the case of the line signal observed in the clusters, the cross section necessary to fit the result is far below the classical thermic one σv therm = 3×10 −26 cm 3 s −1 . This idea had led previous studies to rule out scalar dark matter candidates lighter than O (MeV) [37] . In fact, the dark bath, composed of the light mediator φ and the dark matter S cannot be in equilibrium with the standard plasma.
There are several ways to address this issue. A first possible attempt to solve the problem, proposed in [6] and [7] , is to suppose that the dark matter is produced through the freeze in mechanism: the interacting photons annihilate to produce the dark matter in the inverse process of Fig.(2) . Yet it is not possible to get the right relic density in this way since, solving the Boltzmann equation in this case would produce too much dark matter. Indeed equilibrium dark matter density would reach quickly a value that would overclose the Universe.
Another way to solve the problem was proposed in [54, 55] where the authors noticed that the condition (19) is not valid anymore if the temperature of the hidden sector T h is different from the one of the thermal bath T . In this case, one can compute the temperature T h needed to obtain a 3.56 keV particle respecting the relic abundance constraint. Yet, as we will see in what follows, we still need the hidden sector content to be richer in order to provide new dark matter annihilation channels leading to the right relic abundance. This will be done adding to the model a right-handed sterile neutrino.
B. Dark matter annihilation into sterile neutrinos
One way of solving the lack of annihilation of dark matter described above is to assume that a right-handed sterile neutrino couples directly to the mediator scalar particle previously introduced. This would provide another channel for annihilating dark matter which would boost the relic density to its experimental value.
FIG. 4.
Microscopic model of dark matter decaying into right-handed sterile neutrinos.
In a similar fashion than in section III A, one can add to the usual neutrino interaction terms a Yukawa coupling between the field φ and the sterile neutrino ν R
After diagonalization of the mass matrix, the sterile neutrino gets mass m st M while the active one obtains a mass of m act m 2 D /M via the seesaw mechanism. Such interactions give the following cross section for dark matter annihilation into a pair of sterile neutrinos
Assuming that M is negligible compared to m s leads to a cross section depending only on m s , m φ andm, λ ν :
C. Cosmological constraints on a hidden sector
In such a framework, dark matter and sterile neutrinos can be seen as living together in a hidden thermal bath decoupled from the visible sector. Its temperature can be denoted by
where in what follows ξ is assumed to be a constant parameter 8 . As described in [54, 55] , such a point of view can have important consequences on the thermal dynamics of the hidden sector, since ξ enters into the Boltzmann equation. Indeed dark matter can decouple while still relativistic or semi-relativistic and lead to different relic densities, as the parameter ξ takes different values (See Fig.(6) ). Such freedom in the temperature of the hidden sector is yet constrained by astrophysical considerations. In particular, a hidden sector dark matter can freeze out while still being relativistic. It is then important to check that its free streaming length is smaller than typical galactic length scales so that it does not destroy the matter power spectrum. Another constraint, introduced by Tremaine and Gunn in [56] , comes from bounding the phase-space density of structures like small dwarf galaxies by statistical quantum mechanics considerations. Both constraints are computed and summarized in the case of a ∼ 3 keV dark matter in [54] and lead naturally to a relic density value different from the one of the visible thermal bath ( σv 0 ∼ 10 −9 GeV −2 ), depending on how cold the hidden sector is. We thus get 0.015 σv 0 σv 0.045 σv 0 ,
the upper limit corresponding to the free streaming constraint whereas the lower one to a strict Tremaine-Gunn bound. One should also remark that the dark matter is relatively warm (x f = m S /T f 2 − 4 for points respecting WMAP/PLANCK) in this case. As a warm candidate, it can elude the classical issues of cold dark matter i.e. the few number of galaxy mergers ( 10%) or the core observed profiles compared to the cusp ones predicted by N-body simulations.
D. Results
In the light of section III C and equation (22) one can now constrain couplings between the mediator φ to both the dark and the visible sectorm and λ ν , taking into account that relic density can lie in the region (24) exhibited in the previous section, as well as imposing constraints on the photons flux measurement. Results are presented in Fig.(5) where we show the allowed parameter space imposing cosmological bounds [54] superimposed within the regions fitting the 3.5 keV excess, for m φ = 500 keV. As one can see, a relatively large region respects the cosmological bounds and the monochromatic excess. The values of λ ν are also quite constrained (∼ 10 −7 − 10 −5 , depending on the mass scale Λ), leading to different values of the hidden sector temperature (as represented in Fig.(6) ). Furthermore it could be interesting in a future work to combine our analysis with neutrino bounds.
V. AN EXPLICIT UV MODEL
We give here an explicit example realizing the case A of Section III. The model contains a scalar σ and a pseudoscalar S, together with a (set of) fermion(s) ψ, with the lagrangian
Constraints on the parameter space (m, λν ), for m φ = 500 keV; considering cosmological constraints (relic abundance, free streaming and Tremaine-Gunn bounds) in the red/dark band and a 3.5 keV excess (blue/green region) for different values of the BSM scale Λ (see the text for details). 
The set of fermions ψ are part of the hidden sector, in particular they are singlets with respect to the Standard Model. By defining the complex field Φ = 1 √ 2 (σ + iS), we can split the lagrangian (25) into two parts:
Notice that the whole lagrangian is invariant under the vectorial transformation
whereas L 0 is also invariant under the axial transformation
The axial transformation is broken by L 1 and is therefore an exact symmetry of the hidden sector lagrangian in the limit h 1 = h 2 . The symmetry is broken additionally by the coupling to the photons. At tree-level, S is massless since it is the (pseudo)Goldstone boson of the axial U (1) A symmetry. For µ 2 > 0 there is a symmetry breaking vacuum, with σ = v and v 2 = µ 2 λ . By expanding around the minimum one also finds at tree-level
At the one-loop level, there is a quantum correction to the potential
, which generates a mass for the pseudo-goldstone boson S, proportional to m
φ , which has a one-loop suppression with respect to the mediator mass φ. This model is an example of a UV embedding of case A of Section III, in which one naturally expectsm ≤ m φ and selects therefore natural regions in the parameter space in Section III.
CONCLUSIONS
In this work, we have shown that a keV scalar dark matter can be the main constituent of the matter of the universe, producing monochromatic X-ray signals that can be fitted with the recently claimed events of a 3.5 keV line in nearby clusters of galaxies. Moreover, we know that for a warm dark matter mass of order of a keV, free streaming produces a cutoff in the linear fluctuation power spectrum at a scale corresponding to dwarf galaxies and can fit observations for m s 1.5 keV [31] . We have shown that astrophysical, collider and relic density constraints are more difficult to accomodate. They are however possible to satisfy for certain values of the mediator mass m φ and scale Λ of the couplings between the mediator and the photon 300 keV m φ 50 MeV and 5 TeV Λ 1000 TeV. These values can conversely be considered as a prediction of our setup of keV dark matter models leading to X-ray monochromatic lines. We also showed that as pointed out recently by [40] , the study of pure effective models -as it is often done in the literature -misses important quantitative effects. Indeed, we could reach a cross section in agreement with the analysis of XMM Newton data only through the building of a microscopic model and the exchange of a 
APPENDIX
For completeness, we present in this appendix the main alternatives to the Lagrangian (11). They do not affect however our conclusions.
Fermionic dark matter

Effective operator approach
With the same philosophy used in section II, we could consider a fermionic dark matter χ interacting with photons through effective operators of the form 
The constraints (7) give then 0.061 < Λ < 0.078 , 0.091 < Λ < 0.12 (GeV) (32) It is clear then that in the fermionic case these values are even more incompatible with experimental constraints coming from colliders.
Microscopic Model
Scalar Mediator. Following the discussion of section III but working in the alternative frame of a fermionic dark matter (see Fig.(8) ) particle interacting with the standard model via a scalar portal, one can write the following lagrangian
One then gets the annihilation cross section 
which in what follows is fixed in order to fit the X-ray monochromatic signal.
Furthermore, one can still differentiate between the two cases where the mass of the mediator is heavier or lighter than the dark matter one. 
The cross section is velocity suppressed here and leads, for a given value of the mediator mass and of the coupling g χ , to smaller values of the mass scale Λ. For example, for g χ = 1 in case B, one gets Λ ∼ 1.4 × 10 6 GeV.
Pseudo-Scalar Mediator. Another option is to make the dark sector communicate with the standard model through the exchange of a pseudo-scalar particle. The lagrangian is given by L ef f = g χ φχγ 5 χ + φ Λ F µνF µν , and the annihilation cross section is
which is now not velocity suppressed anymore. 
In case B fitting the X-ray signal requires therefore Λ ∼ 5 × 10 6 GeV.
In both the cases of scalar and pseudo-scalar mediators, as is the case in the rest of the paper, case B is always excluded, regarding to the HB experimental bounds. As far as the Case A is concerned, the discussion is similar and g χ plays the same role asm. However the needed values of Λ are different compared to the scalar dark matter : Λ 10 TeV for Eq.(34) and Λ 100 TeV for Eq.(37).
